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1. INTRODUCTION

Coronaviruses are enveloped viruses that assemble at intracellular membranes of the
endoplasmic reticulum—Golgi intermediate compartment (ERGIC) in infected cells." S
and M are the main components of the viral envelope. The E protein is a minor
component of the envelope, but plays an important role in virus assembly.” Coronavirus
envelope formation is nucleocapsid independent. Expression of only the E and M
proteins is sufficient for the formation of virus-like-particles (VLPs) of many
coronaviruses.”” The N protein is a multifunctional phosphoprotein that encapsidates the
viral genome and plays a role in virus assembly.® ” N also appears to be involved in viral
RNA replication and/or transcription.®’

The aim in this study was to provide a comprehensive view of the subcellular
localization of the main SARS-CoV structural proteins. The S, M, E, and N genes were
expressed in BHK-21 cells, and localization of the proteins was analyzed by indirect
immunofluorescence microscopy. The proteins were co-analyzed with specific organelle
markers for the endoplasmic reticulum (ER) and Golgi. Additionally, the M and E
proteins were co-localized with a cellular marker for the ERGIC. The N protein remained
cytoplasmic. The S, M, and E proteins were found to concentrate to the Golgi region,
although some S appeared to also be transported to the cell surface.

2. MATERIALS AND METHODS

SARS-CoV M, E, and S genes were subcloned into the pCAGGS expression vector
under the control of the chicken beta actin promoter.'” SARS-CoV M and E genes were
cloned into pPCAGGS with an HA tag on the amino terminus. BHK-21 cells were grown
on Lab-Tek chamber slides (Nunc Inc.) and were transfected with pPCAGGS DNAs using
Lipofectamine (Invitrogen Life Technologies). Cells were fixed 18 h post-transfection in
100% methanol for 15 min at -20°C and blocked overnight in PBS containing 0.2%
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gelatin. The N gene was cloned into a pcDNA vector (Invitrogen Life Technologies)
under the control of the T7 promoter and expressed with vaccinia vTF7-3 that expresses
T7 RNA polymerase.'' BHK-21 cells were infected with vTF7-3 1 h prior to transfection
of pcDNA-SARS-CoV N and fixed as described above at 3 h after transfection. Indirect
immunofluorescence was done using primary antibodies (o-S, CDC; a-N, ViroStat; o-
HA, Santa Cruz; o-Calnexin, StressGen; o-Giantin, Convance; o-ERGIC-53, Alexis
Corp). Cells were dual labeled with secondary antibodies conjugated to FITC (Santa
Cruz) or Alexa Fluor-594 (Molecular Probes). After washing, nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) and mounted with ProLong Gold Antifade reagent
(Molecular Probes). Images were collected on an epifluorescence Nikon inverted
microscope (Nikon Inc.) using MetaMorph imaging software (Universal Imaging
Corporation). Images were processed using Adobe Photoshop.

3. RESULTS AND DISCUSSION

To determine the subcellular localization sites for SARS-CoV E, M, S, and N
proteins, the genes were expressed in BHK-21 cells. Proteins were co-localized against
the ER, ERGIC, and Golgi marker proteins, using calnexin, ERGIC-53, and giantin,
respectively.

SARS-CoV M co-localized with the ERGIC/Golgi markers with no overlap with the
ER marker calnexin (Fig. 1, upper left). There was no overlap between the M or E
proteins and ER calnexin. Localization of the M protein in the Golgi is consistent with
other coronaviruses.' Our observation of M in the ERGIC agrees with a recent report
which also noted an overlap of SARS-CoV M with the ERGIC in addition to localization
in the Golgi."?

SARS-CoV E also localized to the Golgi (Fig. 1, upper right). Instead of a more
punctuate pattern characteristic of ER, E exhibited a compact appearance that clearly
overlapped the Golgi marker, giantin. Our lab has shown that mouse hepatitis A59
(MHV-CoV A59) E protein localizes in the perinuclear region that overlaps the ER
(Lopez and Hogue unpublished data). Our results suggest that SARS and MHV E
proteins localize differently. SARS-CoV E localization appears to be similar to avian
infectious bronchitis virus (IBV) E, which localizes to the Golgi.’

SARS-CoV S protein co-localized with the ER and Golgi markers and was detected
in compartments along the secretory pathway (Fig. 1, lower panel). This is typical of
proteins that are transported to the cell surface. However the SARS-CoV S protein
appeared to concentrate primarily in the Golgi region. The focused localization of S when
expressed alone suggests there may be some functional significance for the presence of
the protein near the site of SARS-CoV budding and assembly. Our results are consistent
with the recent report demonstrating that SARS-CoV S contains a novel dibasic motif
that retains the protein in the ERGIC."

The N protein remained in the cytoplasm (Fig. 1, middle panel). The protein did not
co-localize with either the ER or Golgi markers. Other coronavirus N proteins have been
localized to both the cytoplasm and the nucleolus.'* Several reports indicate that SARS-
CoV N is transported to the nucleus, whereas another did not observe nuclear
localization.">"® Consistent with the latter, we were unable to detect SARS-CoV N in the
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nucleus. More comprehensive studies are clearly required to fully resolve and understand
the trafficking of the N protein.

Our data show that while there are obvious similarities in the localization of SARS-
CoV structural proteins and those of other coronaviruses, there are apparent differences.
Ultimately, it will be important to compare our data with staining patterns seen in SARS-
CoV infected cells to get a complete picture of where these structural proteins localize in
the context of the other viral proteins. Understanding viral protein trafficking and
identifying which protein(s) directs the site of virus assembly will help us develop anti-
viral drug platforms and possible vaccines to combat this important pathogen.
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Figure 1. Subcellular localization of HA-tagged SARS-CoV M and E proteins, and localization of N and S
proteins transiently expressed in BHK-21 cells. Singly expressed M, E, N, and S proteins were co-localized
with cellular marker proteins. Cells were fixed and dual labeled for viral proteins and the corresponding marker
proteins. Merged images are shown in the far right column (100 x magnification).
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